FOCUS
Currently, for small and medium-sized asymptomatic vestibular schwannomas, the "watch and wait" approach has been used because several studies have shown that the majority of cases do not grow, and 8%-16% could actually regress. 5, 24, 38, 42 Interventions would be considered if tumor growth of ≥ 2 mm/year were detected. 23, 39 Although microsurgical resection and radiation therapy are viable options, the outcomes of vestibular schwannomas treated by radiosurgery are rapidly improving, with 4 nonrandomized prospective studies demonstrating that radiosurgery outcomes were either better than or similar to those obtained with resection. 22, 26, 27, 32 Apart from good long-term tumor control ranging between 90% and 97% at 5 years, facial nerve and functional hearing preservation were shown to be greater with radiosurgery compared with surgical alternatives. 26, 31, 32 Therefore, microsurgical resection of small or medium-sized vestibular schwannomas is becoming less frequent.
Conversely, large vestibular schwannomas, defined as being > 3 cm in their largest diameter, commonly present with chronic, symptomatic brainstem compression, and for this reason alone are better managed with resection. Additionally, many expert radiation oncologists consider any tumor > 3.0 cm in diameter to be a relative contraindication to radiation. Therefore, the goals of treatment for large vestibular schwannoma usually include safe tumor resection, brainstem decompression, preservation of facial nerve function, minimal postoperative morbidity, and preservation of serviceable hearing, if present preoperatively.
Many treatment strategies have been proposed to achieve these aims, including different surgical approaches, staged tumor resection, and subtotal resection with postoperative radiosurgery.
Keyhole surgical approaches to brain tumors are rapidly gaining popularity given the reduced operating times for opening and closing, the reduced morbidity, and the excellent results. The keyhole retrosigmoid craniotomy is one such approach that, when done well, aims to reduce operating time and postoperative morbidity. It can also provide outstanding access to the entire ventrolateral brainstem and cerebellopontine angle (CPA), with reduced approach-related morbidity. Surgical concerns include brain herniation with dural opening, damage to the ipsilateral cerebellar hemisphere with retraction during the tumor resection, cranial neuropathies (other than of CNs VII and VIII), vascular injury, postoperative CSF leak and infection, and chronic headache as a late sequela. A keyhole approach to the CPA reduces the unnecessary exposure of neural elements that could otherwise be inadvertently at risk for injury or desiccation. The planning for the keyhole approach, from the planning of the incision, craniotomy, and trajectory, also reduces the need for injurious retraction. There is a misconception that the keyhole approach is synonymous with a smaller craniotomy, which is untrue; a keyhole approach is an optimized surgical access to pathological entities. Given that fact, all preoperative images need to be studied well to personalize an approach to tumor resection-not all tumors are the same. Tumor size, location, surrounding structures, tumor projections, and line of sight in the approach are all important factors to which special attention must be paid because they determine the operative approach for tumor resection.
In this report, we present our single-institution experience with the resection of large vestibular schwannomas via a keyhole retrosigmoid craniotomy. We then summarize the strategies developed for clinical outcome, and compare our results with those of the relevant literature.
Methods
A prospectively maintained database of all patients who were surgically treated by the senior surgeon (C.T.) was used to identify large vestibular schwannomas resected via a keyhole retrosigmoid approach between 2004 and 2017. The definition for large vestibular schwannomas was a diameter > 3.0 cm in any dimension radiographically. Supplementary clinical information was obtained, and retrospective chart review, radiological review of preand postoperative MR images, and latest follow-up from clinical consultation or electronic correspondence were required for inclusion. The categories for extent of resection were defined as gross-total resection (no radiographic evidence of residual tumor), near-total resection (> 90% resection of tumor), and subtotal resection (≤ 90% resection of tumor) as described by the clinical radiologist.
For a comparison of the existing data, online PubMed and MEDLINE queries were conducted of articles written in the English language that were published between January 1970 and May 2017, by using a combination of search terms, including "vestibular schwannoma" and "acoustic neuroma." The search, which was conducted most recently on May 30, 2017, was supplemented by manually reviewing reference lists from the identified publications. Articles selected for review were based on adequacy of preoperative, perioperative, and postoperative data; patient characteristics; surgical approach; pathological diagnosis; adjuvant treatment; and overall manuscript quality. Only surgical series with a defined minimum tumor diameter of 3.0 cm were included in the pooled analysis. A total of 1239 tumor resections were reported in English-language journals between January 1970 and May 2017.
Operative Technique
Patients are positioned supine with the head fixed in a Mayfield head holder, with the head rotated maximally to the contralateral side, without obstructing the jugular venous drainage (Fig. 1) .
The head is elevated to encourage venous return, and to maximize the surgeon's view without obstruction from large-shouldered patients. The patient's body is also secured to the bed to allow for significant tilt or reverse Trendelenburg position when petrous or tentorial visualization is required. Facial nerve monitoring is applied, with traditional monitoring of both the orbicularis oris and orbicular oculus muscle groups with spontaneous and triggered electromyography. Frameless neuronavigation is then set up to accurately identify the transverse-sigmoid junction, because placement of the incision and craniotomy is of paramount importance in performing a keyhole retrosigmoid craniotomy. Typically, an oblique linear incision is used after identifying the accurate and precise size and location of the keyhole craniotomy to be performed. The orientation of the incision is important in placement of the self-retaining retractor so that the blades of the retractor do not obstruct the surgeon's passage of instruments.
A keyhole retrosigmoid craniectomy is drilled with a cutting burr, and a V-shaped dural opening is made with its base at the sigmoid sinus. Once the durotomy has been made, the cerebellar surface is protected with a cotton patty and gently retracted to expose the petrous surface. The traditional teaching for retrosigmoid craniotomy is to obtain brain relaxation and retraction by obtaining a large bony exposure to the cisterna magna to allow CSF drainage after dural opening. However, in our experience CSF drainage via the lateral medullary cistern was sufficient in obtaining both drainage and subsequent cerebellar relaxation without the need for a fixed retraction system.
Once the surgeon reaches the brainstem and the tumor itself, it is important to probe the tumor surface for the facial nerve to avoid inadvertent injury to the nerve during the stages of tumor debulking. Naturally, the large size of the tumor could create a flattened appearance of the facial nerve, mimicking fibers of the tumor capsule or arachnoid. Once the tumor bulk has been encountered, the posterior aspect of the lesion is stimulated liberally to confirm that the facial nerve is not located on this surface. A window is cut in the tumor capsule, and tumor debulking is performed with cautery, suction, piecemeal removal, or ultrasonic aspiration. Routinely, the tumor capsule can then be manipulated externally to free the attachments from the nearby structures. This may also uncover vital structures, such as CNs and vital vascular structures. Commonly, the facial nerve is identified on the inferior aspect of the tumor at its root entry zone. Unless the facial nerve and tumor plane is easily developed without devascularizing the nerve, we accept leaving a layer of tumor along the attenuated facial nerve-the nerve's preservation would be more important than a gross-total resection.
For soft tumors with minor extension into the internal auditory meatus (IAM), this can be removed with endoscopic guidance, to avoid the morbidity associated with IAM drilling. Even with endoscopic visualization, in larger vestibular schwannomas, or those that extend to the apex of the IAM, drilling is required to ensure identification of the distal facial nerve and maximal tumor removal. Finally, endoscopic inspection of the drilled IAM can be used to look for air cells and for microsurgical inspection of the edges of the cranial opening to ensure that all exposed mastoid air cells are occluded. Figure 2 demonstrates the cavity left behind after complete tumor resection and thorough hemostasis. The elements of a keyhole craniotomy are highlighted here: a minimal dural opening to achieve maximal tumor resection, a minimal craniotomy to obtain the necessary dural exposure, and a minimal skin incision to obtain the necessary craniotomy exposure. A watertight dural closure is then performed, with multilayer wound closure (Fig. 3) .
Results
Between the years 2004 and 2017, a total of 45 patients met the inclusion criteria in this retrospective review. The characteristics of the study population are displayed in Table 1. Our patient pool had a median age of 44 years (range 20-67 years) and a 53% female distribution. All patients had large vestibular schwannomas, which were defined as having a diameter > 3.0 cm, with a mean maximum tumor diameter of 4.4 cm (range 3.0-7.5 cm). Complete or near-complete resection was achieved in all cases by using a keyhole retrosigmoid approach as described above. The mean clinical and radiographic follow-up period was 49 months (range 14-145 months). There were no procedures that did not apply the keyhole principles-all surgeries performed for large vestibular schwannomas were achieved via a keyhole craniotomy.
The most common presenting symptoms were subjective hearing loss (78%), facial numbness (56%), imbalance (33%), and dizziness or vertigo (33%). The mean duration of symptom onset was 3 years (range 1 month-20 years).
All patients except one had normal facial function preoperatively. This one patient had a House-Brackmann (HB) II weakness prior to surgery. Postoperatively, nearly 40% experienced transient facial weakness. On follow-up, good facial function (HB I-II) was observed in 38 patients (84%), with fair (HB III) and poor (HB IV-V) in 9% and 7% of cases, respectively. There were no cases of HB VI paralysis postoperatively. Of the 8 patients with serviceable hearing preoperatively, 3 (37.5%) had functional hearing (Gardner-Robertson I-II) postoperatively.
No intraoperative complications were experienced in this series. Specifically, there were no cases of brain herniation with dural opening, damage to the cerebellar hemisphere, or need for fixed retraction of the cerebellum. There were no postoperative complications, such as intracranial hemorrhage and unexpected CN deficit (CNs VII and VIII excepted). At long-term follow-up there were no cases of chronic headache. No patients required reoperation for tumor recurrence. Figure 4 demonstrates a large, left-sided vestibular schwannoma with a small IAM component. This tumor was resected using keyhole principles with endoscopic assistance to achieve a gross-total resection, which included portions of tumor within the IAM. Figure 5 represents a large, right-sided vestibular schwannoma. Although a large portion of the tumor was removed using keyhole techniques, the IAM portion was unable to be addressed due to heavy involvement of tumor with the facial and cochlear nerves. Cranial nerve preservation is paramount in these circumstances, and that being the case, a near-total resection was accepted. On review of the literature, we found 23 uniquely published series that met the criteria for resection of large vestibular schwannomas, which are listed in Table 2 . The reporting of follow-up and outcome data was thorough and complete. Aspects of the studies included tumor size, surgical approach, extent of resection, and postoperative facial nerve function.
Many of these studies were similarly examined in a 2012 pooled analysis by Gurgel et al., 14 which found good facial nerve outcomes (HB I-II) produced in 65.2% of the 601 retrosigmoid approaches. The extent of surgical resection was reported in 471 patients (Table 3) . Of the 80 patients with subtotal resection, 92.5% had good facial nerve outcomes at an average of 12 months of follow-up, compared with 74.5% of the 55 who received near-total resections and 47% of the 336 who received gross-total resections. For patients with near-total resections, 75% had an HB score of I-II at follow-up, which compared with our institution's 88% (p = 0.028). Gross-total resections led to only 47% of patients with HB I-II at follow-up, which compared with our 81% (p < 0.001). Gurgel et al. concluded that subtotal resections were better than near-total resections (OR 4.21, 95% CI 1.50-11.79; p = 0.004), and near-total resections were significantly better than grosstotal resections (OR 3.26, 95% CI 1.71-6.20; p = 0.0002) in producing better facial nerve outcomes. No follow-up data were reported with regard to tumor or symptomatic recurrence, however. No patients in our series underwent subtotal resection.
Discussion
Although surgery is widely accepted as the treatment modality of choice for large vestibular schwannomas, certain aspects of the strategy remain challenging. Variations in surgical approach, staging of tumor resection, and postoperative radiosurgery have been proposed to achieve superior results while respecting the need for maximal tumor resection, brainstem decompression, facial nerve preservation, and long-term tumor remission. 1, 9, 14, 30, 34 The literature clearly demonstrates the superiority of the standard retrosigmoid or translabyrinthine approaches in preserving facial nerve function.
14 Our series supports this hypothesis, and demonstrates for the first time the feasibility of achieving these results by using keyhole techniques. Indeed, when compared with the literature, the minimally invasive approach used in our cohort yielded greater degrees of resection and long-term tumor control while maintaining good facial nerve preservation rates, without an associated increase in approach-related or postoperative complications. In fact, the postoperative complication rate in our series is significantly less than those reported in the literature (0% compared with a 3.2% incidence of definitive neurological complications in the largest series in the literature 6 ). Of note, the chronic postcraniectomy headache associated with retrosigmoid craniectomies described by Wait et al. 46 was absent among our patients. A possible basis for this success is the avoidance of a large dural exposure and subsequent adhesion to the paraspinous muscles of the occiput. 36 Studies have shown that the best strategy for tumor control is to achieve a high level of tumor resection while being mindful of facial nerve function. 41 A single-institution series from Samii et al. 34 showed that of 50 patients with large vestibular schwannomas treated with gross-total resection, 92% had anatomical preservation of the facial nerve. At their last follow-up, 75% of patients had excellent or good facial nerve function, 19% had fair function, and 6% had poor function. Although radiosurgery has been reported to produce similar facial nerve outcomes for Koos grade 3 tumors (mean volume 9 cm 3 ), its role in the context of large vestibular schwannomas remains controversial and it may be indicated only in patients with minimal symptoms of brainstem compression, surgical contraindications, or significant residual tumor mass despite attempted debulking. 4, 15, 25, 41, 43, 44, 47, 50 A proposal to stage large vestibular schwannomas between 2 surgeries has been shown to improve facial nerve outcome and morbidity. 30 Staging the tumor resection was decided intraoperatively if there was cerebellar or The extent of resection is another important factor, with several studies demonstrating significantly lower rates of recurrence with complete or near-complete resections compared with subtotal or partial debulking. 7, 40 For patients with partial or subtotal tumor resection, residual tumor thickness (7 mm or thicker) on postoperative MRI and the MIB-1 index are important predictors of regrowth. 12 In this series, comparable facial nerve preservation rates, greater tumor resection rates, lower surgical morbidity rates, and long-term tumor control were achieved without the need for a standard craniotomy or craniectomy, or a second operation. This was achieved by ensuring strategic patient positioning; use of smaller, tailored incisions; use of neuronavigation to confirm the ideal location of the skull opening; no use of fixed retractors; early and liberal use of facial nerve monitoring; and endoscopic visualization of the IAM if necessary. These strategies for keyhole neurosurgery have been demonstrated to lead to excellent outcomes.
Conclusions
This is the first series to demonstrate the feasibility of removing large vestibular schwannomas by using keyhole techniques. With the parameters of facial nerve preservation, degree of tumor resection, postoperative morbidity, and long-term tumor control, the keyhole retrosigmoid approach offers comparable and, in some areas, superior results when compared with those of historical trials. In our single-institution series, complete and near-complete tumor resections were achieved in all patients, with 84% of patients having good facial nerve function (HB I-II) postoperatively, no surgical morbidity, and excellent longterm tumor control. 
